Characterizing the immune response to pneumococcal proteins is critical in understanding this bacterium's epidemiology and vaccinology. Probing a custom-designed proteome microarray with sera from 35 healthy US adults revealed a continuous distribution of IgG affinities for 2,190 potential antigens from the species-wide pangenome. Reproducibly elevated IgG binding was elicited by 208 "antibody binding targets" (ABTs), which included 109 variants of the diverse pneumococcal surface proteins A and C (PspA and PspC) and zinc metalloprotease A and B (ZmpA and ZmpB) proteins. Functional analysis found ABTs were enriched in motifs for secretion and cell surface association, with extensive representation of cell wall synthesis machinery, adhesins, transporter solute-binding proteins, and degradative enzymes. ABTs were associated with stronger evidence for evolving under positive selection, although this varied between functional categories, as did rates of diversification through recombination. Particularly rapid variation was observed at some immunogenic accessory loci, including a phage protein and a phase-variable glycosyltransferase ubiquitous among the diverse set of genomic islands encoding the serine-rich PsrP glycoprotein. Nevertheless, many antigens were conserved in the core genome, and strains' antigenic profiles were generally stable. No strong evidence was found for any epistasis between antigens driving population dynamics, or redundancy between functionally similar accessory ABTs, or age stratification of antigen profiles. These results highlight the paradox of why substantial variation is observed in only a subset of epitopes. This result may indicate only some interactions between immunoglobulins and ABTs clear pneumococcal colonization or that acquired immunity to pneumococci is an accumulation of individually weak responses to ABTs evolving under different levels of functional constraint.
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genomics | pathogens | evolution | immunology | epidemiology T he pneumococcus (Streptococcus pneumoniae) is a Grampositive human commensal and respiratory pathogen commonly carried in the nasopharynx of young infants (1) . The prevalence of carriage peaks within the first 3 y of life (2) . However, the bacteria are cleared increasingly quickly with age following successive episodes of carriage, a change associated with the development of mucosal immune responses (3) . These involve interactions with antibody binding targets (ABTs), recognized by Ig A (IgA) and G (IgG) antibodies, or T-cell receptor targets (TCRTs), recognized by CD4
+ T H 17 cells (4) . The former response leads to targeted opsonophagocytosis of cells bearing ABTs, neutralization of toxins, and inhibition of adhesion to host tissues (5, 6) . TCRT-triggered secretion of interleukin-17A by CD4
+ T H 17 cells results in nonspecific clearance of pneumococci from the nasopharynx through the recruitment of neutrophils and macrophages (7, 8) . These interactions with the host immune system are likely to be important in this bacterium's evolution (9, 10) .
The historical focus of pneumococcal immunology has been the polysaccharide capsule, which has over 90 antigenically distinguishable variants (serotypes). Systemic immunization with capsular polysaccharides can stimulate protective levels of serotype-specific antibodies (11, 12) . Conjugate vaccines including 7-13 different capsular polysaccharides (13) provide protection against the serotypes included in the vaccine, but a desire for vaccines with broader coverage has caused growing interest in alternative protein-or whole cell-based formulations (14) . Previous studies have used ELISA (15) , phage display libraries (16) , or "antibody fingerprinting" (17) to measure the antibody response to the noncapsular pneumococcal antigens of individual strains. Now, population genomic datasets can be combined with proteome microarrays, an approach with several advantages for studying the host-bacterium interaction. First, this pairing can identify a more complete set of antigens, including proteins that may be absent from any one individual strain, such as the type 1 pilus (18, 19) ; the prevalence of these proteins can also be ascertained from the genomic data. Second, for highly polymorphic proteins such as pneumococcal surface proteins A (PspA) and C (PspC) (20, 21) , this combination allows the immune response to a diverse panel of variants to be assayed, and their
Significance
The wealth of genomic data available for the respiratory pathogen Streptococcus pneumoniae enabled the design of a pangenome-wide proteome microarray. Of over 2,000 pneumococcal proteins, 208 strongly bound antibodies in adult human sera. The vast majority could be classified as either variants of four diverse loci or more conserved proteins involved in adhesion, enzymatic degradation, solute binding, or cell wall synthesis. Detailed analyses of the genomic data revealed some variable antigens rapidly diversified through mechanisms including homologous recombination, mobile genetic element transmission, and phase variation. Other antigens were conserved across the population and may be better candidates for simple vaccine formulations. This raises the question of what evolutionary advantage bacteria derive from altering only a subset of their antigenic loci.
distribution across the population to be established. Third, the rate at which different loci diversify through mutation and recombination can be inferred from evolutionary analyses of genomes. This is particularly important in a naturally transformable species such as S. pneumoniae, in which vaccine-escape variants can emerge through recombination, as previously observed for the capsule polysaccharide synthesis (cps) locus (22) .
This study used genomic data from 616 nasopharyngeal carriage isolates from young children in Massachusetts (23, 24) . The majority of these isolates were classified into 15 monophyletic sequence clusters (SCs), using a core genome alignment; each of these corresponded to a common genotype, the recent diversification of which could be reconstructed based on whole-genome alignments (25) . The 1.2 million protein-coding sequences (CDSs) identified in these de novo assemblies were grouped into 5,442 clusters of orthologous genes (COGs) (26) ; these groupings of similar proteins were used to inform the design of a proteome microarray for measuring IgG binding levels. Here, we characterize the antibody response to thousands of pneumococcal proteins, using healthy adult sera, and describe the distinct evolutionary patterns associated with the most immunogenic sequences.
Results
Extensive Interactions Between the Host and Pneumococcus. To capture the most common interactions between hosts and pneumococci, representative sequences were included for each COG present in at least 20% of the 616 isolates. Other proteins that proved difficult to assemble from short read data were also included: the pneumococcal serine-rich repeat protein PsrP; the cellular autolytic amidase LytA; a phage amidase; the phage antireceptor PblB; and an oligomer of choline binding domains (CBDs), a common cell-surface attachment motif found in many pneumococcal protein antigens. Rare COGs were included if they were likely to be antigenic: These were type 2 pilus components, zinc metalloprotease ZmpC, and ZmpE, a zinc metalloprotease unique to the atypical unencapsulated pneumococci of SC12 (24, 27) . Additionally, multiple variants of some diverse loci were included. Each of the three "clades" of the type I pilus RrgB protein (28) corresponded to a separate COG, as did five variants (one truncated) of the PclA protein. Representatives were added for each of the previously defined variants of the three diverse penicillin-binding proteins (three for Pbp2X and Pbp1A and four for Pbp2B), which were associated with differing levels of β-lactam sensitivity (24) . Finally, the manually curated sets of all complete representatives of the "diverse core loci" (encoding PspA, PspC, and the zinc metalloproteases ZmpA and ZmpB) were identified (SI Appendix). Owing to the low similarity between many representatives, these sets were divided into variants, using an alignment-free, kmer-based approach (SI Appendix, Fig. S1 ). Representatives could be included on the microarray for 36 of the 39 PspA variants, 57 of the 59 PspC variants, and all of the 18 ZmpA variants and 16 ZmpB variants. An independent phylogenetic analysis indicated these sets encompassed the full previously observed diversity of these proteins (20, 21) (SI Appendix, Fig. S2 ). Overall, a total of 2,190 proteins derived from the Massachusetts pneumococcal population were included on the microarray; also included was the full proteome of S. pneumoniae TIGR4 (29) , but these proteins were excluded from the described analyses to maintain unbiased coverage across the systematically sampled bacterial isolates.
Using the sera of 35 healthy adults, IgG binding responses to all of the Massachusetts-derived proteins on the microarray were normalized and plotted on a logarithmic scale (Fig. 1A) . Although the distribution of binding responses was continuous, a subset of the proteins did elicit a consistently elevated antibody response across the serum samples. Dividing these data into two groups classed 208 of the 2,190 proteins as ABTs for subsequent analyses. Approximately half of these ABTs were variants of the four diverse core loci ( Fig. 1B and Fig. S6 ), the one sequence motif commonly shared between these proteins, indicating that these results reflect a broad immune repertoire spanning the allelic diversity of these proteins.
These results were compared with a previous "antigenic fingerprinting" study of S. pneumoniae TIGR4 that identified epitopes in 97 annotated CDSs (17) . The proteins from the Massachusetts isolates on the array contained 2,039 orthologs of sequences in S. pneumoniae TIGR4 (considering the sets of PspA, PspC, ZmpA, and ZmpB variants each as single orthologs). The 88 COGs from the Massachusetts isolates' proteome that were orthologous to the antigens identified by fingerprinting had a significantly increased probability of being identified as ABTs in this study relative to the 265 COGs on the microarray not linked to CDSs in TIGR4 (Fisher's exact test, OR = 8.93, P = 1.81 × 10 −11
; Fig. 1B ). In turn, those TIGR4 proteins not identified through fingerprinting were significantly less likely to be identified as ABTs than those proteins not linked to CDSs in TIGR4 (Fisher's exact test, OR = 0.45, P = 0.014). Hence, the proteins eliciting the highest antibody binding response comprised a combination of diverse PspA, PspC, ZmpA, and ZmpB variants, and representatives of other proteins that significantly overlap with the antigens identified by a different methodology applied to an individual strain.
Functional Categories Associated with ABTs. A multivariable logistic regression was used to identify the protein characteristics enriched in ABTs (SI Appendix, Table S1 ). Both the conventional signal peptide and the secretion-associated YSIRK motif were significantly associated with ABTs, as were the lipid attachment site, which directs lipoproteins to be connected to the cell membrane, and the CBD. Notably, whereas the size of a protein was significantly associated with elevated IgG binding, the number of transmembrane helices was not. Therefore, the ABTs are enriched for large proteins that are secreted or peripherally associated with the cell surface.
Manual annotation of the ABTs revealed they performed diverse functional roles, but most could be grouped into four categories ( Fig. 1C and SI Appendix). The first group was degradative enzymes, acting on a wide range of extracellular substrates including proteins, polysaccharides, and their derivatives. The second group was ABC transporter solute binding proteins (SBPs), with representatives specific for amino acids, sugars, nucleotides, and siderophores. The third group was enzymes involved in cell wall metabolism, including proteins required for peptidoglycan synthesis and cell division. The fourth group consisted of adhesins, of which the most immunogenic were the histidine triad proteins (PhtA, PhtB/D, and PhtE), each containing the histidine triad motif identified by the multivariable regression as enriched in ABTs. These divisions are inevitably simplified: There is evidence the histidine triad proteins are important in acquiring divalent cations (30) , whereas PsaA is an SBP with a possible role in adhesion (31) . Similarly, the transpeptidase domain was enriched in ABTs; this is found in penicillin-binding proteins (PBPs), some of which have been evolving under selection from antibiotic use (24) .
A second multivariable regression was conducted within ABTs to identify the characteristics associated with the highest levels of IgG binding (SI Appendix, Table S2 ). This also found signal peptides, histidine triad motifs, and CBDs to be associated with elevated antibody responses. Additionally, this regression identified the LysM domain, for peptidoglycan binding, and the sortase attachment motif, for covalent attachment to the cell wall. This latter mechanism of surface attachment anchors the two types of pneumococcal pili to the cell surface; whereas the type 2 pilus PitB protein was classed as an ABT, the RrgB backbone of the type 1 pilus was not, despite detectably elevated levels of IgG binding relative to the overall background (SI Appendix, Fig. S6 ). Hence again, surface-exposed proteins were associated with the strongest antibody response.
Differing Diversity Across ABT Categories. Extensive IgG recognition of pneumococcal proteins suggested immune selection may drive the diversification of targeted loci. To test whether ABTs were more diverse than those proteins that elicited lower IgG binding, codon alignments were generated for individual COGs or, for the diverse loci represented by multiple sequences on the microarray, for individual variants. By the per site π n nucleotide diversity statistic, ABTs were less diverse than non-ABTs ( Fig.  2A ; Wilcoxon test, W = 191,172, P = 0.00182). However, when the ABTs were categorized as displayed in Fig. 1C , the low π n for ABTs was primarily due to few polymorphisms in the individual variants of the core variable loci ( Fig. 2A ). As this is not an accurate representation of the overall diversity of these proteins, we used Tajima's D as a less simplistic test of selection on those codon alignments for which π n was greater than zero (32) . As these alignments were drawn from the same population, a detected difference between ABTs and non-ABTs could represent the consequences of immune selection. However, the median Tajima's D was below zero for both ABTs (−0.762) and non-ABTs (−0.934), a difference that was nonsignificant ( Fig. 2B ; Wilcoxon test, W = 142,788, P = 0.0762). These negative values suggested purifying selection was stronger than balancing selection across both categories of alignment, although within the ABTs purifying selection appeared weakest within the variants of the core variable loci, with D values around zero, and strongest for SBPs and cell wall synthesis machinery.
The effects of selection on codon alignments can also be analyzed through phylogenetic reconstruction of sequences' diversification under different models of evolution, using PAML (33) . The ratio of nonsynonymous to synonymous base substitutions (d N /d S or ω) from such a reconstruction estimates whether diversifying (ω > 1) or purifying (ω < 1) selection predominates for an individual protein. The dominance of purifying selection across the ABT codon alignments was observed in all functional categories, suggesting any positive selection was limited only to specific epitopes. Furthermore, the overall distribution of ω was lower for ABTs (median of 0.293) than for non-ABTs (median of 0.314; Fig.  2D ; Wilcoxon test, W = 147,248, P = 0.0615); these estimates were robust to different starting values of ω used in independent model fits (SI Appendix, Fig. S7 ). Despite those alignments containing little diversity (d N or d S < 0.25) being excluded from the PAML analyses, the heightened ω values for non-ABTs were partially driven by alignments containing few polymorphic sites, which had ω estimates strongly influenced by a small number of nonsynonymous mutations (SI Appendix, Fig. S8) .
A more specific test for immune-selection-driven diversification is to calculate the log-likelihood difference (Λ) between the fit of PAML model 2a (positive selection) and 1a (nearly neutral evolution) (34) for each codon alignment (Fig. 2D ). This revealed consistently more improved fits of model 2a relative to 1a for ABTs (median Λ = 10.1) than for non-ABTs (median Λ = 2.65; Fig. 2D ; Wilcoxon test, W = 97,226, P = 2.27 × 10
−8
). Mirroring the distribution of Tajima's D, the cell wall metabolism enzymes and SBPs showed the least evidence of immune-driven diversification.
The results of such phylogenetic analyses can be confounded by recombination, which violates the assumptions underlying the phylogenetic reconstruction of sequences (35) . To mitigate against such model misspecifications, codon alignments were analyzed with 3SEQ (36) and the maximum-χ 2 method (37, 38) to identify recombination breakpoints; each "clonal" alignment segment was then analyzed with PAML independently. In this analysis, the estimates of ω accounting for recombination (ω rec ) for ABTs (median of 0.299) and non-ABTs (median of 0.311) were not substantially altered (Fig. 2E ). In the comparison of evolutionary model likelihoods, there remained significantly greater evidence for diversifying selection in ABTs (median Λ rec = 3.31) than in non-ABTs (median Λ rec = 1.65; Fig. 2F ; Wilcoxon test, W = 100,785, P = 4.25 × 10
−7
). Therefore, accounting for recombination diminished the evidence for diversifying selection across the codon alignments, with a particularly pronounced reduction in the evidence for positive selection among surface-associated degradative enzymes, indicating their evolutionary histories may have been substantially affected by exchange of sequence.
Variation in ABT Diversification Through Recombination. To quantify diversification through recombination, the total number of breakpoints identified in the codon alignments were plotted by protein categorization (Fig. 3A) . There was a slightly, albeit significantly, elevated number of recombination breakpoints in ABT alignments (a median of two breakpoints per alignment, rather than one; Wilcoxon test, W = 181,753.5, P = 0.0464). Surface-associated degradative enzymes contained a high number of breakpoints, consistent with the substantial difference between Λ and Λ rec for this category (Fig.  2) . However, as breakpoints are easier to detect in longer and larger alignments, and as protein size was predictive of being classified as an ABT (SI Appendix, Table S1), the per-base density of recombination breakpoints was plotted (Fig. 3B) . The impact of recombination on ABTs was still significantly higher than on non-ABTs (median of 3.50 × 10 −6 breakpoints per base pair for ABTs; 2.04 × 10 −6 breakpoints per base pair for non-ABTs; Wilcoxon test, W = 184,320, P = 0.0195). This again masked heterogeneity within ABTs: The four core variable antigens and cell wall synthesis machinery were the most mosaic, although the latter category included diversification of penicillin-binding proteins under selection by β-lactam consumption (24) , in contrast to the conservation of adhesins and SBPs.
Analyses of individual sets of orthologs can detect only recombinations that have a breakpoint within a CDS. However, complete replacement of one allele by another, with recombination breakpoints flanking the relevant CDS, can be estimated by identifying recombination events in whole-genome alignments of isolates from the same sequence cluster (24, 25) . The number of recombination events affecting the loci encoding proteins ubiquitous throughout the sampled population is shown in Fig. 3C , relative to the number affecting the cps locus, which determines the cell's serotype. This comparison found ABTs were affected by an elevated number of transformation events (median number of recombinations affecting ABTs of 12; median number of recombinations affecting non-ABTs of 11), although the small difference was not significant (Wilcoxon test, W = 46,711.5, P = 0.182). However, this masked notable heterogeneity between the different categories of ABT once more: Almost all of the genes encoding ABTs were affected by recombination at frequencies typical of non-ABTs, except the pspA and pspC genes, which were affected by much higher numbers of transformation events. This is consistent with previous identification of these genes as "hotspots" of recombination from genome-wide analyses (39) (40) (41) . The high frequency of recombinations affecting pspA or pspC may reflect positive selection for evading adaptive immune responses; alternatively, such recombinations may be transiently beneficial, but later subject to negative selection, if the alteration were to have reduced the functionality of the protein or disrupted epistasis with other loci. The latter scenario should result in recombinations being enriched on the terminal branches of trees, as they occur frequently, but are removed from the population before they leave a large number of descendants (42) . This dataset revealed an insignificantly higher proportion of transformation events occurring on terminal branches for non-ABTs (0.444) rather than for ABTs (0.405; Wilcoxon test, W = 37,925, P = 0.143). The pspA and pspC proportions were intermediate between the more slowly diversifying zmpA and zmpB genes. Hence the phylogenetic distribution of the many recombinations affecting pspA and pspC was not detectably skewed by selection.
Distribution of ABTs Across the Pneumococcal Population. To ascertain the impact of recombination on the distribution of ABTs relative to the overall population structure, the allelic variation of the four core variable antigens was plotted against the core genome phylogeny (Fig. 4 A and B) . The linkage between the 15 monophyletic sequence clusters, treated as a discrete genetic trait representing the core genome, and the sequences at polymorphic loci can be quantified by the "index of association" (I A ) (43) , which increases with higher linkage disequilibrium. In agreement with the estimated recombination rates, I A was highest for zmpA (I A = 0.702) and zmpB (I A = 0.747), strongly rejecting the null hypothesis of linkage equilibrium with the core genome (P < 0.001 in both cases). I A was intermediate for pspA (I A = 0.590; P < 0.001) and lowest for the most highly recombining locus, pspC (I A = 0.404; P < 0.001). Nevertheless, the distribution of variants at all these loci was significant evidence of strong linkage between the ABTs and the core genome.
Some ABTs were members of the accessory genome, present only in a subset of isolates (Fig. 4C) . In the simplest case, a single subpopulation is associated with one variant of an ABT. The unencapsulated SC12 isolates are the most atypical (24, 27) and accordingly lack some antigens conserved throughout the encapsulated pneumococci, such as the glycoside-degrading enzymes Eng and BgaA, and iron SBP PiaA. By contrast, ZmpE was present only in SC12 and elicited high levels of IgG binding (SI Appendix, Fig. S6 ). Other accessory ABTs were polyphyletically distributed across multiple sequence clusters (24); nevertheless, they were stably associated with clades, indicated by highly significant I A values (P < 0.001). This was true across common antigens, such as neuraminidase NanB (present in 93.0% of isolates) and adhesin PcpA (present in 91.7% of isolates), as well as rarer antigens such as PhtA (present in 46.4% of isolates), neuraminidase NanC (present in 36.0% of isolates), zinc metalloprotease ZmpC (present in 19.0% of isolates), and pilus protein PitB (present in 12.0% of isolates). The ABT least stably associated with sequence clusters was a phage protein (CLS01887; I A = 0.0163; P = 0.011). Phage are the most mobile significant component of the pneumococcal accessory genome (27) , and it is likely the phage amidase would show a similar distribution, if it could be efficiently assembled from short read data.
Some accessory ABTs were also present as multiple divergent variants; these could be identified as orthologs based on their shared functional domains and insertion site in the chromosome. A known example is the three clades of the type 1 pilus RrgB protein (18); CLS02942 (clade I; found in 7.8% of isolates), CLS02796 (clade II; found in 5.2% of isolates) and CLS01943 (clade III; found in 8.4% of isolates) have a strong clonal component to their distribution (I A = 0.24; P < 0.001). Clonally distributed allelic variation was also evident in the accessory antigens PclA (44), the four distinct, full-length variants of which were cumulatively found in 51.9% of the population (I A = 0.296; P < 0.001), and zinc metalloprotease ZmpD, the five distinct variants of which were cumulatively found in 52.8% of the population (I A = 0.414; P < 0.001). A single example of a fusion ZmpAD protein, the result of an ∼7.2-kb deletion, was also observed (SI Appendix, Fig. S9 ). Hence, the allelic variation of Nonzero densities of recombination breakpoints in codon alignments. (C) Number of homologous recombination events, identified by analysis of whole-genome alignments, which overlap the representatives of each COG present in the reference genomes of all 15 monophyletic sequence clusters. As pspA, pspC, zmpA, and zmpB each occupy a single locus in each reference genome, only point estimates are available for each of these ABTs. The variant sets for each of pbp1a, pbp2x, and pbp2b were also considered to be individual loci. The thin dotted horizontal line indicates the number of homologous recombinations overlapping the capsule polysaccharide synthesis (cps) locus based on a previous analysis; the thick dashed horizontal line indicates the number of "serotype-switching" homologous recombinations that cause a functional change at the cps locus. (D) Proportion of homologous recombination events displayed in C occurring on terminal branches of phylogenies. The thin dotted and thick dashed horizontal lines again show the equivalent proportions for all recombinations, and serotype-switching recombinations, affecting the cps locus, respectively. both core and accessory antigens was significantly associated with the clonal structure of the bacterial population.
Extensive Variation of the PsrP Locus. The most variable accessory ABT was PsrP, the pneumococcal representative of the streptococcal serine-rich repeat family of proteins (45) (Fig. 5) , the assembly of which from short read data is problematic. Nevertheless, the presence of the protein can be inferred from the SecA2 secretory system (46), hypothesized to allow streptococcal serine-rich proteins to be exported despite their large size and extensive glycosylation (47, 48) . The SecA2 protein (CLS01513) is present in 42.0% of the isolates in this collection, exhibiting a strong association with particular sequence clusters (I A = 0.24; P < 0.001). The pore itself is formed by SecY2 proteins, of which three distinct variants were detected (SI Appendix, Fig. S10 ): group I (CLS01517), group II (CLS02820), and group III (CLS99088). Some of the "accessory secretion proteins," such as Asp1, Asp2, and Asp3, were multiallelic and supported this split; other components of the machinery, including three glycosylases with orthologs in other streptococci (GtfA, GtfB, and Nss) (49), exhibited similar levels of conservation to SecA2. Far more variable was the complement of type 2 (Pfam domain Glycos_transf_2, accession PF00535) and type 8 (Pfam domain Glyco_transf_8, accession PF01501) glycosyltransferases. This is likely to result in these diverse islands producing antigenically distinct PsrP glycoproteins, potentially analogous to capsule polysaccharide variation.
Variation in PsrP is also observed within sequence clusters, without the involvement of horizontal DNA transfer. Two SC8 isolates are likely to have lost the ability to express the antigen through changes in the PsrP island's gene content: The asp1 gene was disrupted by an IS element insertion in ATBLM, whereas a large deletion in the 0OH1I isolate eliminated much of the island, including the psrP structural gene (SI Appendix, Fig. S10 ). Other mutations likely to alter or prevent PsrP's expression on the cell's surface were frameshift mutations in core machinery, such as secA2, and several glycosyltransferases (Fig. 5) . One particular frameshift of note occurred within a type 2 glycosyltransferase gene labeled pvgP (phase variable glycosyltransferase of PsrP, CLS01518). This reversible mutation, facilitated by an 8-to 9-nt guanine homopolymeric tract, occurred sufficiently frequently that the pseudogene it generated, the distribution of which is shown in the directly adjacent column, did not have a significant index of association (I A = −0.0444; P = 1.00). The pvgP gene was present in all PsrP islands in this collection, but is without close homologs outside of Streptococcus mitis and Streptococcus pseudopneumoniae, suggesting it is a recently emerged mechanism for altering the glycosylation of PsrP over short timescales.
Antigens and Population Structure Determination. Nevertheless, the highly significant I A values observed between ABTs and sequence clusters indicates that pneumococcal sequence clusters have generally stable antigenic profiles. The neutral hypothesis is that closely related isolates share similar sequences through common descent, consistent with the relatively low estimated recombination rates (Fig. 2) (43) . An alternative hypothesis is that the structuring of the population into sequence clusters is a consequence of immune selection on antigenic diversity (50, 51) , such that the population is a mixture of nonoverlapping, "discordant" antigenic profiles. This can be quantified by the f* metric, which has a maximum value of one that represents an entirely discordant set of variants (52) . The conservation of zmpA and zmpB loci within sequence clusters made them good candidates for having a nonoverlapping distribution across the population. Consistent with both hypotheses, there was clear linkage disequilibrium between the two loci and the core genome (Fig. 6A) . However, this comparison found f* to be 0.306, much lower than the value of 0.97 calculated from Neisseria meningitidis Opa sequences, which has been cited as evidence that the meningococcal population structure was shaped by immune selection (53). Cells are black where an antigen is absent, and using genomic loci flanking a conserved insertion site, it is possible to confirm the relevant gene is missing from the relevant de novo assembly. Cells are gray where the ABT is absent, but assemblies cannot confirm the locus to be missing using flanking genomic loci. With some antigens, it is not possible to confirm the absence of the gene based on flanking genomic loci, due to variation in the surrounding sequence (e.g., zmpD) or the size of the genomic island on which the antigen CDS is found (e.g., CLS01887 and nanC).
The distribution of antigen profiles is sensitive to the definition of variants; although there was no evidence of more cross-reactivity between genetically similar variants (SI Appendix, Fig. S11) , there was the potential for more numerous variant sets to exhibit a more discordant distribution. Hence, this analysis was repeated using the more diverse sets of PspA and PspC proteins (Fig. 6B) . However, there was similarly little evidence of a nonoverlapping distribution in this case (f* = 0.285). The most informative comparison was that between PspC, the most rapidly recombining of the four loci (Fig. 2) , and ZmpA, which was affected by recombination at a relatively low rate. This revealed a particularly high level of overlap between antigenic profiles (f* = 0.165; Fig. 6C ) as a consequence of the vertical "stripes" of isolates that shared the same ZmpA variant, but had diversified through recombination at the PspC locus. To test whether these patterns were broadly representative across the population, ABT and non-ABT COGs were classified into variants based on the proportion of shared 15-mers (SI Appendix, Fig. S12) . A higher f* was observed for non-ABTs (0.270) than for ABTs (0.216; Fig. 6D ), and therefore there is insufficient evidence to reject the null hypothesis that the linkage disequilibrium observed between antigenic loci represents merely the clonality of pneumococcal populations.
Accessory Antigens Appear Neutrally Distributed. As the identification of discordant antigen sets is sensitive to the definition of variants, a similar analysis was conducted based on the discrete signal of the presence, or absence, of accessory antigens. In these analyses, high f* metrics can be interpreted in two ways. If the presence of accessory antigens correlates across the population, then this is likely to represent some strains being adapted to infecting immunologically naive hosts, whereas others minimize the number of exposed epitopes to better survive in immunologically mature hosts. However, high f* values resulting from anticorrelation between the presence of accessory antigens may indicate the proteins are functionally redundant. Pairs of structurally similar accessory antigens were used to test these models (SI Appendix, Fig. S13 ): the zinc metalloproteases ZmpC and ZmpD (f* = 0.177), the neuraminidases NanB and NanC (f* = 0.451), the two pili (f* = 0.521), and the large adhesins PsrP and PclA (f* = 0.228). The low f* values demonstrate these pairs of functionally similar accessory antigens do not conform to either the immunological adaptation or the functional redundancy hypothesis. Additionally, the functional redundancy hypothesis can be definitively rejected, as the modal genotype was the absence of both ABTs in three of these comparisons.
An alternative selective pressure that might shape the distribution of antigens is the age distribution of the host population (54) . This hypothesis was tested using the four diverse core loci, but no evidence of heterogeneity in the age distribution of different variants was found (SI Appendix, Fig. S14) . Similarly, the only accessory antigen that showed a significant enrichment in younger children was PclA (Wilcoxon test, W = 42,870.5, P = 7.24 × 10 −4
; SI Appendix, Fig. S15 ), consistent with one of the PclA variants, CLS01333, showing the strongest age association of all COGs previously assessed across the collection (24). However, there was also no significant evidence for a heterogeneous serotype distribution across ages (SI Appendix, Fig. S16 ), indicating this sample may have limited power to detect age-based relationships, as other studies have found such a pattern (55) .
Discussion
Combining population genomic data with clinical information on the human IgG response to pneumococcal proteins provides a unique insight into the complex immunological interaction between host and pathogen. The continuous distribution of IgG binding values suggests that adaptive immunity responds to many antigens in both the core and the accessory genome. The most immunogenic proteins had physical properties expected to be associated with antibody binding: signal peptides, including those with a YSIRK motif, for secretion out of the bacterial cell; large size; and a lipoprotein processing motif, LPXTG sortase processing motif or CBD for surface attachment. The great majority of the ABTs either were variants of the diverse PspA, PspC, ZmpA, and ZmpB proteins or could be grouped into surfaceexposed roles in host molecule adhesion or degradation, cell wall metabolism, or solute binding for transport. Despite the proteins on the microarray being expressed in vitro, detected ABTs included examples with transmembrane helices, such as Wzg; proteins normally subject to posttranslational modifications, such as glycosylation of PsrP or lipid attachment to solute-binding proteins; and individual components of multimeric structures, such as PitB of the type 2 pilus. It remains possible that some immunogenic proteins were not strongly bound by IgG due to their unmodified or misfolded form on the microarray or that infants, the typical hosts of pneumococci, may recognize different ABTs. However, the overall IgG binding response was consistent both with functional analyses of protein sequences and with previous analyses of pneumococcal immunogenicity (17) . In contrast to the consistent physical properties across the functional categories associated with ABTs, there was extensive heterogeneity in their patterns of diversification. There was little difference between ABTs and non-ABTs in their levels of sequence conservation; notable exceptions were pspA and pspC, previously identified hotspots of transformation events that exhibited relatively low levels of clonal association, as measured by I A . Another antigen with an even lower I A was CLS01887, a protein of unknown function that moved rapidly through phage infection (27) . However, neither PblB nor any of the other 18 phage COGs on the microarray were classed as ABTs, and the movement of these "selfish" elements is unlikely to represent adaptive evolution in response to immune selection pressures. Similarly, the most rapid variation associated with an ABT was the phase variation of the gene encoding the PsrP glycosyltransferase pvgP. The expression of some pneumococcal capsules is also affected by phase variation (56, 57) , although this mechanism is also not uniquely associated with antigens, as phase variation of pneumococcal restriction modification systems is also highly frequent (27) . Hence, multiple genetic mechanisms can vary cells' antigenic profiles, but analysis of genetic diversity could not consistently distinguish ABTs from non-ABTs.
The extensive diversity and rapid variation of several ABTs seems paradoxical in the context of the large number of pneumococcal epitopes recognized by IgG, as it is unclear what benefit cells derive from varying only a small proportion of their overall antigenic profile. Theoretical models have assumed a small number of diverse antigens to be immunodominant, such that strong selection pressures acting on these proteins would shape the bacterial population (50, 51) . For this model to be correct, all ABTs that could trigger immune clearance should exhibit significant signs of diversification. The model could be reconciled with our findings if some IgG binding represents antibodies that do not impede pneumococcal colonization, either because they are intrinsically ineffective or because other mechanisms prevent their activity. Other IgG may be more active than their affinities suggest if they effectively block a bacterial protein's biological function. Notably, some of the most highly variable surface structures inhibit the antipneumococcal activity of antibody and complement: the polysaccharide capsule (58); PspA and PspC, which inhibit complement-mediated opsonophagocytosis (59, 60) ; and ZmpA, which degrades IgA (61) . It may be that these structures are able to nullify the host immune responses, as long as they themselves are not neutralized by antibodies. These few antigens may be more important to the bacterium's ability to elude innate or acquired immunity than other immunogenic proteins and hence evolve under stronger selective pressure to evade antibody responses. Alternatively, an explanation for the higher level of variability at these loci could be that only larger proteins, which often show extensive evidence of diversification (e.g., PsrP and PclA), are readily accessible to antibodies in encapsulated pneumococci (62) . However, the study did not find ABT distributions across the population consistent with a small number of immunodominant proteins.
Additionally, it is difficult to conclude from experimental evidence that all proteins targeted by effective antibody responses are highly variable. The proposed ineffectiveness of the immune response to conserved antigens is not consistent with previous work with some SBPs that found evidence that they can be the targets of functional antipneumococcal antibody responses. For example, IgG targeting the ABC transporter lipoproteins PiuA and PiaA can trigger opsonophagocytic activity in human cell lines (63) , and immunization of mice with these, or another conserved ABC transporter protein, is protective against invasive (64, 65) or respiratory (66) challenge with pneumococci. One study found immunization with the conserved PsaA protein actually elicited better protection against carriage than PspA (67). It remains possible these experimental models do not reflect the activity of the human immune system in vivo. Alternatively, the overall B-cell response to pneumococcal carriage may consist of many individually weak interactions. This would be consistent with the continuous range of IgG binding values observed in this dataset. The differing levels of diversification observed across the ABTs would then be explained by variation in the functional constraints on the proteins. PspA and PspC appear to be recently evolved proteins, with many different sequences apparently able to perform their activities (20, 68) ; low levels of functional constraint would then explain how they are able to switch variants so frequently. By contrast, ABTs with homologs across distantly related bacterial species, such as cell wall synthesis machinery and SBPs, are likely subject to much Only COGs for which at least two variants were defined, with at least two variant combinations both present in the population at greater than 5% frequency, were included in this comparison.
stronger functional constraint, and hence their greater conservation between pneumococci. One argument against this latter model is that the polysaccharide capsule exhibits similar levels of diversity to PspA and PspC, but experimental and theoretical analyses show that this variation strongly affects strain fitness (10, 69) . However, the immune responses to proteins and polysaccharides are distinct, and it may be that there is stronger selection for switching of serotype, rather than some protein antigens; additionally, serotype switching is not free from selective constraints (22) . Resolving the paradox of why extensive variation is observed in only a subset of ABTs will be usefully informed by both experimental and clinical data. The combination of population genomic datasets with pangenome-wide information on antibody binding promises to be a valuable tool for addressing such unresolved questions about the immunological response to infections.
Methods
Analysis of Proteome Microarray Data. The design and construction of the proteome microarray, and the processing and analysis of the raw data, are described in SI Appendix. Serum samples came from the VAC-002 study approved by the Western Institutional Review Board. For each person, each protein was represented by the probe recording the highest normalized, log 2 -transformed antibody response score. These IgG binding values across all individuals were used to generate an all-vs.-all distance matrix between proteins, which allowed the proteins to be classified into 208 ABTs and the remaining non-ABT, using the R function "hclust" (70) . The annotation of the proteins and the associated functional domain information used in regression analyses are detailed in Dataset S1.
Determining Patterns of Presence and Absence. The pattern of presence and absence of each COG across isolates was determined by the clustering of sequences defined and made freely available previously (24, 26) , combined with the information from scaffolded assemblies, as described elsewhere (27) . For each ABT, "flanking" COGs were defined as the nearest COGs, both upstream and downstream, that were found only in single copy in each genome in which they were present and therefore could be used to define a unique locus in the chromosome. The presence of both an ABT's flanking COGs on the same scaffold, in the absence of the ABT itself, was taken to represent stronger evidence that the ABT was genuinely missing from an isolate (Fig. 4) . Multiple COGs were considered to be orthologous representatives of the same antigen if they were present at equivalent positions in different genomes, as judged by sharing the same flanking COGs; if they had similar functional domain structures, as judged by sharing the majority of motifs identified by Pfam in both sequences; and if they never cooccurred in the same strain, to exclude paralogs. These criteria identified the four functional PclA variants (CLS01333, CLS03616, CLS99466, and CLS03178), the three clades of RrgB (CLS01943, CLS02796, and CLS02942), ZmpD (CLS02608, CLS02099, CLS02887, CLS01017, and CLS99539), and PhtD/E (CLS00904 and CLS02083). However, poor assembly precluded further analysis of the repetitive PhtD/E CDSs.
A similar approach was also used to identify the COGs present on PsrP islands. The boundary of these islands was defined as the nearest core COG, CLS01506 (present in a single copy in all isolates), upstream of the SecA2 protein. Therefore, in all cases where CLS01513 (SecA2) was present, the CDSs on the same contig as, and downstream of, the core COG CLS01506 were treated as members of the PsrP island; the other boundary was not defined, as the psrP gene never assembled completely. This set was then manually curated to remove fragments of the psrP CDS and noncore CDSs that were not part of the island.
Detection of Recombination and Selection. All COGs included on the microarray, and alignments of the individual variants of the core diverse loci, were filtered to remove sequences less than 75%, or more than 125%, of the median sequence length. Protein sequences were aligned with MUSCLE (71) , and the corresponding DNA sequences were back translated to give a codon alignment. Population genetic statistics, including π n and Tajima's D, were calculated using Bioperl (72) and FAST (73) . Duplicate sequences were removed, and then a maximum-likelihood phylogeny was generated using RAxML v7.0.3 with a general time-reversible substitution model and a gamma model of rate heterogeneity (74) . Evolutionary models were then fitted to the alignments and phylogenies (with fixed branch lengths), using the codeml software of PAML v4.8 (33) , applying site models 0 (single ω ratio across the alignment), 1a (nearly neutral diversification), and 2a (evolution under positive selection). Independent runs were conducted with starting ω values of 0.1, 1, and 10 to test for convergence. The ω and Λ results were reported only if d N and d S estimated from an alignment were both greater than 0.25. All amino acids were considered equally dissimilar from one another.
To reduce any biases introduced by recombination, the codon alignments were scanned for breakpoints. The initial scan was performed with 3SEQ (36), which is able to detect exchanges between sequences in an alignment, using the "fullrun" mode. Each segment defined by the first set of breakpoints was then iteratively scanned with 3SEQ for further evidence of recombination. This set of segments was then iteratively scanned for imports of divergent tracts of sequence, using the maximum-χ 2 approach (37, 38) .
Following the convergence of these methods, each segment of the alignment was analyzed with RAxML and PAML as described for the whole alignment analysis above.
To calculate the level of recombination affecting ABTs based on the analyses of whole-genome alignments (24) (25) (26) , the loci within each sequence cluster's representative reference genome (26) corresponding to each COG in the complete set of isolates had to be identified. As there should be no genuine genetic variation between different assemblies of the same sets of sequence reads, except for potential variance in the start codon selection, the middle segment of each COG was used to select identical matches in the reference sequences of the monophyletic sequence clusters. The corresponding CDSs were then used to calculate the number of recombination events that affected the evolution of these proteins. Only COGs found in all 15 reference sequences were analyzed, to avoid unequal sample sizes. The loci encoding zmpA, zmpB, pspA, and pspC were manually identified (24) , and recombinations affecting cps loci were described previously (22) .
